The Shockley surface state of Ag(111) develops unusual band dispersion relations for Ag films of decreasing thicknesses on Ge(111), as observed by angle-resolved photoemission. Its parabolic dispersion in the thick-film limit shifts toward higher binding energies and splits into multiple bands with dispersions that reflect the valence band structure of Ge including the heavy-hole, light-hole, and split-off bands. The results are explained in terms of a hybridization interaction between the Ag surface state and the Ge substrate states. DOI: 10.1103/PhysRevLett.96.036802 PACS numbers: 73.21.Fg, 68.65.Fg, 79.60.Dp Thin films can exhibit an electronic structure markedly different from the bulk counterpart. This is a research area of intense interest, and much recent work has focused on quantum-size effects related to the confinement of electrons in films forming standing-wave-like quantum-well states [1] [2] [3] . Such effects can lead to dramatic atomiclayer-by-atomic-layer variations in physical properties, such as the surface energy [4], thermal stability [5] , work function [6], adsorption [7] , superconducting transition temperature [8, 9] , etc. In this work, we explore a less familiar, but equally important subject matter, namely, the interaction of a surface state in a thin film with the substrate [10 -14]. Unlike quantum-well states which permeate throughout a film, the wave function of a surface state generally decays rapidly and exponentially away from the surface and thus remains largely unchanged in going from a semi-infinite crystal to films with thicknesses as small as 10 atomic layers. However, when the film thickness gets smaller yet, the tail of the surface-state wave function can reach and interact with the substrate. As shown by this angle-resolved photoemission study of a Shockley surface state in Ag(111) films grown on Ge(111), the result is a richly structured spectral weight function. The main effect is a hybridization interaction between the Ag surface state and the Ge substrate states, and the resulting complex dispersion relations reflect the valence band structure of Ge including the heavy-hole, light-hole, and split-off bands.
Thin films can exhibit an electronic structure markedly different from the bulk counterpart. This is a research area of intense interest, and much recent work has focused on quantum-size effects related to the confinement of electrons in films forming standing-wave-like quantum-well states [1] [2] [3] . Such effects can lead to dramatic atomiclayer-by-atomic-layer variations in physical properties, such as the surface energy [4] , thermal stability [5] , work function [6] , adsorption [7] , superconducting transition temperature [8, 9] , etc. In this work, we explore a less familiar, but equally important subject matter, namely, the interaction of a surface state in a thin film with the substrate [10 -14] . Unlike quantum-well states which permeate throughout a film, the wave function of a surface state generally decays rapidly and exponentially away from the surface and thus remains largely unchanged in going from a semi-infinite crystal to films with thicknesses as small as 10 atomic layers. However, when the film thickness gets smaller yet, the tail of the surface-state wave function can reach and interact with the substrate. As shown by this angle-resolved photoemission study of a Shockley surface state in Ag(111) films grown on Ge(111), the result is a richly structured spectral weight function. The main effect is a hybridization interaction between the Ag surface state and the Ge substrate states, and the resulting complex dispersion relations reflect the valence band structure of Ge including the heavy-hole, light-hole, and split-off bands.
A detailed analysis of this observation clarifies the basic electronic structure of ultrathin film systems, and suggests a powerful method for probing the band structure of solids. Accurate band mapping for arbitrary three-dimensional solids remains a challenge to this date, and the present work adds a valuable tool for this purpose. Our analysis is aided by the use of atomically uniform films [1, 15] . As the results are sensitive to film thickness, a significant roughness can smear out details. This problem has undoubtedly affected some of the earlier studies [10 -12] . Previous work on surface states of thin films has generally focused on energy shifts as an indication of the interaction between the surface and substrate electronic structure [10 -13] . More recent studies of quantum-well states and resonances, especially those conducted by K. Horn's group, have revealed unusual dispersion features that can be related to the substrate band structure [15] [16] [17] . In the present study, atomic-layer-resolved spectra reveal that the surface-state band actually splits as the film thickness decreases, and the resulting complex dispersion relations yield a wealth of information largely unexpected based on existing studies of thin films.
Our experiment was performed at the Synchrotron Radiation Center, University of Wisconsin-Madison, using 50 eV photons. Dispersion relations were measured along the ÿ K direction of the Ag(111) films. Photoelectron spectra were recorded as two-dimensional images with the energy and the polar emission angle as two independent variables. Each image spans a range of ' 10 . The sample was rotated relative to the analyzer in steps of 5 to create a set of overlapping images, which were combined to create a wider angular span. A clean Ge(111)-c2 8 surface was prepared by sputtering at a substrate temperature of 500 C followed by annealing at 600 C. Ag was evaporated onto the Ge substrate maintained at 50 K. Subsequently, the sample was annealed at 300 K and cooled back to 50 K for the photoemission measurement. Additional Ag, if needed, was added by deposition at 50 K followed by annealing at 300 K. The resulting Ag films, with bulklike lattice constants, were oriented along 111 with the ÿ K direction parallel to the same in the substrate. The large lattice mismatch between Ag and Ge resulted in an incommensurate interface and little strain in the substrate [18] . The absolute film thickness was determined by atomic layer counting [1, 15] . Figure 1 shows photoemission results taken from Ag films of thicknesses N 20, 12, 9, 8, 7, and 6 monolayers (ML). The energy reference is the Fermi level. All of these films are atomically uniform; a slight increase of coverage from integer N results in additional emission features corresponding to the thickness N 1. At 20 ML, the image shows a Shockley surface-state band, labeled SS, and several quantum-well subbands, labeled Q1, Q2, etc. All of these exhibit approximately parabolic dispersion relations. The SS band is mostly unoccupied, and only a small portion near its band bottom is visible by photoemission. The results are very similar to what have been reported for bulk single-crystal Ag(111) [19] , suggesting that the decay length of the surface state is much shorter than 20 ML [10, 11] . As reported in prior studies, the quantum-well subbands exhibit subtle ''kinks'' as they cross the Ge band edges [15] [16] [17] . Figure 1 shows that, as the film thickness decreases, the SS band shifts downward. A greater portion of its dispersion becomes visible. Simultaneously, the quantum-well subbands move apart and away from the Fermi level due to a changing quantization condition. As the SS band shifts downward, it develops complex features, and this is most evident in the 6 ML case. The portion of the image near the Fermi level, with the horizontal axis converted to in-plane momentum, k, is enlarged and shown in Fig. 2(a) for the 6 ML case. The central portion of the image shows three concave bands, which bear no resemblance to the original Ag surface band, but rather correspond well to the bulk Ge valence bands along the 110 direction (ÿ-K-X line in the Brillouin zone) [20 -22] . Portions of the convex surfacestate band are seen at larger k.
Some of the emission features in Fig. 2 (a) are weak and hard to see, but become apparent if the image intensity is amplified (at the expense of saturation in other areas). Figure 2 (b) is the same data processed for easier visual analysis. First, the image, asymmetric about k 0 due to geometric effects, is symmetrized. Next, the image is normalized such that its average intensity over k is the same for all energies below the Fermi level. The appearance of the normalized image suggests that the surfacestate band ''disappears'' as it approaches the Ge bands from larger k and transfers its spectral weight to features reflecting the Ge bulk band edges. The two vertical lines in Fig. 2(b) indicate a region where the spectral weight is Gelike. 
for the quantum-well states, where t is the monolayer 
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036802-2 thickness, is the boundary phase shift, and n is a quantum number [1] . For the surface state,
This is a complex quantity, and the imaginary part is related to the decay length of the surface state [10] . For a semi-infinite solid, q, as well as the energy of the surface state, is uniquely determined by the boundary condition that the state must decay into the bulk. Depending on the coordinate system, the imaginary part of k ? is either iq or ÿiq, but not both. For a thin film, however, the interface presents another boundary, and states with iq and ÿiq are both allowed. The result is a continuum of surface states, S q or S E, with a smooth spectral weight distribution within the substrate continuum. By contrast, quantum-well states or resonances give rise to periodic structures in their spectral weight as a function of E due to interference effects governed by Eq. (1). Such periodic variations and interference effects are absent for the surface state because the real part of the surface-state wave vector is a fixed number, as given by Eq. (2) .
Within the substrate continuum, the wave function of the system, E, involves hybridization of the Ag surface state and the Ge states. The photoemission intensity is given by
where the matrix element M is expected to be a smooth function as explained above. The function g is the density of states of the system, and is given by
where is the unit step function, and each A i is a constant. The summation is over the three Ge band edges at E i k within the energy range of interest. The corresponding bulk bands are commonly referred to as the heavy-hole (HH), light-hole (LH), and split-off (SO) bands [23] .
Equations (3) and (4), with the addition of a smooth background function and lifetime and instrumental broadenings, are used to fit the data. Additionally, a broadening in k is found necessary for a good fit, which accounts for scattering caused by lattice mismatch and possibly other imperfections. The quantities jMj 2 , A i , and E i are taken to be low-order smooth functions of k. The best-fit intensity pattern, shown in Fig. 2(c) , is dominated by the density of states. At each k, there is a peak at each band edge. Thus, the image is essentially a map of the dispersion relations of the HH, LH, and SO bands. The band dispersion relations derived from the fit are shown in Fig. 3(a) ; the band shapes are generally nonparabolic. A distinctive feature of the LH band is a small peak at the zone center riding on top of a broader peak. This feature is apparent in both the data and the fit. Its origin is spin-orbit coupling caused by relativistic effects [20 -22] . Without such coupling, all three Ge bands are nested at the zone center and are approximately parabolic, but with different curvatures. With the coupling included, the middle band shifts downward by an energy approximately equal to the spin-orbit splitting of atomic Ge. A second effect of the spin-orbit coupling is that the shifted middle band interacts with the bottom band, resulting in an anticrossing gap. Thus, the small peak of the LH band as seen in Fig. 3(a) is really a remnant of the bottom (SO) band after gap opening. The dotted lines in Fig. 3(a) suggest what one would expect if the anticrossing interaction is set to zero. A careful examination of the images such as those shown in Figs. 2(a) and 2(b) with various brightness and contrast settings shows that there is significant emission intensity at locations corresponding to the dashed lines in Fig. 3(a) . We do not have a quantitative interpretation for this observation. Qualitatively, the aforementioned shift of the LH band is mostly an atomic effect, and the anticrossing is mostly a solid state effect (depending on k). The interface causes a symmetry reduction relative to bulk Ge, and perhaps this is the reason for the extra intensity bridging the anticrossing gap. This extra intensity, not built into our model, can affect the fitting, mostly for the SO band.
The spin-orbit splitting at the zone center is 0.301 eV from our fit, which equals within 10 meV those deduced from optical measurements [24] and relativistic band structure calculations [20, 21] . The effective masses deduced from the fit are 0.30, 0.034, and 0.21 for the HH, LH, and SO bands, respectively, in terms of the free electron mass. These compare well with the (direction-averaged) values 0.33, 0.043, and 0.095 deduced from cyclotron resonance and magnetoreflectance measurements [25, 26] . The SO band shows the largest discrepancy. As discussed above, the extra intensity bridging the anticrossing gap can affect our fitting. It can make the SO band emission to appear broader on the sides, thus possibly leading to a larger effective mass from the fit. Figure 3 (b) compares our dispersion relations with those obtained from a relativistic band structure calculation [20] . The experimental and theoretical curvatures near the zone center are very similar for the HH and LH bands. The larger discrepancy for the SO band may be attributed to the extra intensity in the anticrossing gap mentioned above. At larger k, the theoretical band dispersion curves are narrower than the experimental results. At even larger k values beyond the range of Fig. 3(b) , experimental band dispersion curves can be determined from the distortions of the quantum-well subband dispersions as seen in Fig. 1 [15] [16] [17] . Overall, the relativistic calculation is in agreement with the experiment if one allows theoretical energy uncertainties 0:2 eV and momentum uncertainties 10% of the Brillouin zone size. While modern electronic structure calculations can yield critical point energies as accurate as 0:1 eV or better, the present results suggest that the detailed band shapes can stand further scrutiny. The discrepancies can also be attributed in part to inaccuracies introduced by the approximations in our model.
In summary, our analysis shows that the surface electronic structure of an ultrathin atomically uniform film can be a source of valuable information about the substrate. The Shockley surface state of Ag(111) shifts, splits, and develops complex dispersions in films, with decreasing thicknesses, on Ge(111). The result is a display of the Ge band structure including the HH, LH, and SO bands with unprecedented detail. Effects pertaining to spin-orbit coupling are clearly visible, including the band splitting and anticrossing gap. Note that photoemission, limited by the photoelectron mean free path, has a probing depth of only a few Å ngstroms, and yet this study illustrates a powerful method for probing the bulk band structure of materials covered under a film with a thickness much greater than the mean free path.
